Objective: Our purpose was to determine the correlation between scalp electroencephalography (EEG) and intracerebral EEG (iEEG) seizure-onset patterns in patients with focal lesional epilepsy to determine whether scalp seizure-onset patterns can be specific to intracerebral seizure-onset patterns and to lesion type. Methods: We retrospectively analyzed 61 patients with focal epilepsy and a structural magnetic resonance imaging (MRI)-visible lesion, who first underwent extensive scalp recordings and then iEEG studies (stereo-EEG) for presurgical evaluation, and who showed an iEEG seizure onset in the lesional/perilesional area. Five seizure-onset patterns were recognized on scalp EEG, and 7 on iEEG, and in each patient, only the predominant scalp and iEEG seizure-onset patterns were compared. Because scalp and iEEG recordings were acquired at different times, we followed strict criteria based on semiology and topography to match scalp with intracerebral seizures. Results: Seventy-one pairs of seizure-onset patterns matched between scalp and iEEG were identified. Each scalp pattern did not correspond to a single intracerebral pattern, but there were significant associations: (1) paroxysmal fast activity (≥13 Hz) at scalp onset was associated with low-voltage fast activity at iEEG onset (P < .001), with malformations of cortical development (P < .001), and with superficial seizure-onset zone based on iEEG (P < .001); (2) rhythmic slow activity (<13 Hz) at scalp onset was associated with low-frequency high-amplitude periodic spikes at iEEG onset (P = .0014), with medial temporal atrophy/ sclerosis (P < .001), and with deep seizure-onset zone (P < .001); and (3) repetitive epileptiform discharge at scalp onset was associated with a burst of highamplitude polyspikes at iEEG onset (P = .0002). Significance: Our results disclosed that in focal epilepsy patients with seizures generated in an MRI-visible lesion, some scalp seizure-onset patterns are highly associated with a specific intracerebral pattern, with specific pathologies, and with the depth of seizure-onset zone. These findings allow the interpretation of scalp seizure-onset patterns to be significantly more informative.
| INTRODUCTION
Scalp electroencephalography (EEG) and intracerebral EEG (iEEG) are important tools to localize the epileptogenic zone, 1,2 but its precise identification remains often elusive.
Scalp EEG is limited in its spatial resolution and ability to detect activity generated deep in the brain, and iEEG can only record from a small fraction of brain volume and hence has limited spatial coverage. Seizure-onset patterns were investigated in many studies with scalp EEG or iEEG independently. For instance, a focal rhythmic theta scalp pattern predicts the laterality of temporal lobe epilepsy. 3, 4 A focal beta scalp pattern predicts good surgical outcome in patients with frontal lobe epilepsy. 5 Low-voltage fast activity is recognized as the most common iEEG pattern in neocortical epilepsy. 6 Low-frequency periodic spikes are usually associated with medial temporal epilepsy. [7] [8] [9] Despite these well-known associations, very few studies have attempted systematically to correlate the seizure-onset patterns observed on the scalp with those described during iEEG. [10] [11] [12] A pioneering study using simultaneous recordings of scalp and depth EEGs found scalp EEG useful in lateralizing temporal lobe epilepsies, but the association between scalp and depth seizure-onset pattern was not investigated. 10 Scalp seizure-onset patterns were found useful to separate neocortical temporal generator from medial temporal generator in a later study. 11, 12 However, to our knowledge, no study has systematically investigated the correlation between scalp and depth EEGs by including all anatomical locations and multiple pathologies. This study aims to fill this gap by comparing the morphology first observed on scalp with the one later recorded on iEEG in a large series of patients with focal epilepsy associated with different magnetic resonance imaging (MRI)-visible pathological substrates. This may allow inferring, at least in some patients, what is the likely iEEG pattern given a particular scalp pattern. As a result, this should extend the diagnostic value attached to some iEEG patterns to the much more common scalp EEG. We also wish to determine whether some scalp patterns are predictive of the underlying epileptogenic lesion and its depth.
| MATERIALS AND METHODS
From a database of 183 patients who underwent iEEG for presurgical evaluation between November 2004 and January 2016, we identified 98 consecutive patients with drugresistant epilepsy and a focal structural lesion visible on MRI. Among those, 33 patients overlapped with those included in our previous study. 7 The following inclusion criteria were used: (1) video monitoring on scalp EEG performed before iEEG at the Montreal Neurological Institute and Hospital, (2) typical seizures starting in contacts of intracerebral electrodes placed in the lesional/perilesional areas, and (3) presence of at least 1 assessable seizure on scalp EEG and on iEEG. Consequently, 61 patients remained (see flowchart, Figure S1 ). The lesion type was confirmed by histopathology when applicable (51 patients) or by MRI otherwise (10 patients). The research ethics committee of the Montreal Neurological Institute and Hospital approved the study, and all patients provided written informed consent.
| Scalp and iEEG acquisitions
Scalp EEGs were recorded using the international 10-20 system with additional inferotemporal electrodes from the 10-10 system (F9, T9, P9, F10, T10, and P10) and zygomatic electrodes, and acquired using the Harmonie monitoring system version 7.0a (Stellate Systems, Montreal, Quebec, Canada). EEGs were acquired with a sampling rate of 200 or 1000 Hz, and with referential and ground electrodes placed on the midline. High-frequency filter and time constant were configured at 70 Hz and 0.3 seconds, respectively. All iEEGs were recorded after intracerebral insertion of electrodes using stereo-EEG methodology. 13, 14 The decision for iEEG evaluation was made after noninvasive investigations including general neurological examination, neurocognitive assessment, scalp EEG video monitoring, and 1.5-T or 3.0-T MRI in all patients, and in some ictal/ interictal single photon emission computed tomography, positron emission tomography, and magnetoencephalography were found insufficient or not congruent enough to define the epileptogenic zone. For discrete lesions such as
Key Points
• We matched seizure-onset patterns between scalp EEG and iEEG
• Two scalp patterns were useful to predict intracerebral seizure-onset pattern, lesion type, and depth of generator
• ≥13 Hz fast activity was highly associated with low-voltage fast activity at iEEG onset and with a superficial generator
• Rhythmic <13 Hz activity was highly associated with medial temporal atrophy/sclerosis and with a deep generator
• These findings are particularly applicable in patients in whom seizures are generated in an MRI-visible lesion medial temporal sclerosis and focal cortical dysplasia (FCD), we performed iEEG for the following reasons: (1) for medial temporal sclerosis, if bitemporal epileptogenicity was suspected or dual pathology was present; (2) for FCDs, if the lesion was close to or within eloquent areas, if scalp EEG findings were not congruent, if seizure semiology did not fit with the location of the lesion, if we suspected that the lesion may be large and not all visible on MRI, or as a confirmation to provide the best prognostic to the patient before surgery. Two types of intracerebral electrodes were used between 2004 and 2016 at our institution; in 18 patients commercially available electrodes (10-15 contacts, diameter = 2.0 mm, contact spacing = 3.5 mm; DIXI Medical, Besancon, France) were used, and in 43 patients electrodes were manufactured on site (9 contacts, diameter = 0.5-1.0 mm, contact spacing = 5 mm). All intracerebral electrodes were implanted stereotactically either with an image-guiding system (SSN Neuronavigation System, Mississauga, Ontario, Canada) or with a Stealth Station S7 Navigation System (Medtronic, Louisville, CO, USA) and ROSA Robotic System (Medtech, Montpellier, France). 13 The iEEG recordings were acquired at a sampling rate of 200 or 2000 Hz, using a referential electrode placed over the parietal lobe contralateral to the suspected epileptogenic zone to avoid the influence of epileptic activity. The location (lesional/perilesional) of each intracerebral electrode contact was obtained using postimplantation computed tomography (CT) superimposed on preimplantation MRI or with a postimplantation MRI or postexplantation MRI ( Figure 1 ). 7 We excluded all seizures in which clinical manifestations preceded electrographic change on iEEG. Scalp EEG and iEEG were reviewed using referential and bipolar montages.
| Matching scalp and iEEG seizures
In this study, scalp EEG and iEEG were not recorded simultaneously. We nevertheless wanted to match as much as possible each scalp seizure-onset pattern with the corresponding iEEG seizure-onset pattern. For this purpose, we took all possible steps to make sure that we correctly matched the seizures recorded on the scalp with the seizures recorded on iEEG. To achieve this: 1. The semiology, topography, and morphology of each seizure were reviewed by 2 trained electroencephalographers. To minimize possible bias, observers were blinded to any clinical data that could lead to patient identification, and the video was not available during the assessment of seizure-onset morphology. Disagreements between readers were solved by discussion. 2. For scalp and intracerebral recordings, seizure onset was defined as the first clear electrographic change from the background without return to normal background activity. 15, 16 3. All seizures of each patient were reviewed, and clinical and electrographic seizures were considered separately. 7 An electrographic seizure was defined as an asymptomatic sustained electrographic activity without sensory or behavioral changes. 17 We defined a seizure type for clinical seizures and for electrographic seizures. A clinical seizure type is defined by its semiology and EEG topography (only the patient's habitual seizures were included), and an electrographic seizure type is defined by EEG topography (only seizures with the most frequent topography were included, see details below). In cases of independent epileptic generators, the clinical seizures arising from each region or hemisphere were counted as 1 type of seizure if the semiology and topography were clearly differentiable; otherwise, only the most typical seizure type was considered. For instance, a patient with 2 types of clinical seizures, 1 arising from the left and 1 arising from the right temporal lobe, both having MRI-visible atrophy, and with electrographic seizures arising from the left temporal lobe, would have 3 types of seizure. 4. Seizure types were defined separately for scalp-recorded seizures and for iEEG-recorded seizures. 5. We then determined whether a scalp seizure type could be matched with an intracerebral seizure type.Topography on scalp EEG was estimated at the sublobar level (eg, seizure onset from F7-F9-T3-T9 electrodes corresponds to left anterior temporal lobe generator and Fp1-F3-F7 electrodes to left anterior frontal lobe generator). 18 We defined matched seizure types between scalp and iEEG as follows: 1. For matched clinical seizures, semiology of each seizure was analyzed in detail using the video. Seizure types having the same semiology and sharing a compatible topography (not necessarily identical) were defined as matched types between scalp EEG and iEEG. In the case of artifacts on scalp EEG, if the same semiology was recorded between scalp EEG and iEEG, the seizures were considered matched. 2. For matched electrographic seizures, because semiology is not available as a means of matching, matched types on scalp and iEEG had to share the same topography. To avoid ambiguity, we included electrographic seizures from patients who had only 1 type of electrographic seizure on scalp EEG and iEEG; from those who had >1 type but 1 of them consisted >90% of the electrographic seizures; and from those who had 2 types of electrographic seizure, each arising from different sides of the brain.
We acknowledge that we cannot be sure of every match, but given the precautions we have taken, we believe that the vast majority of seizure types were correctly matched. An example of the seizure matching process is given in Results.
| Seizure-onset patterns
For each seizure, a seizure-onset pattern was defined on scalp EEG and one was defined on iEEG. For each type of seizure, the predominant seizure-onset pattern was determined and only this pattern was considered in the analysis; to each seizure type therefore corresponded 1 seizure-onset pattern. For scalp recordings, the following 5 EEG patterns were identified in accordance with earlier studies of scalp seizures; to avoid confusion with interictal patterns, only patterns that persisted for a minimum of three seconds were considered as seizure-onset patterns 4, 15 : (1) ; and (5) artifact: no visible EEG pattern because of artifacts at seizure onset ( Figure S2 ). 4, 19 For iEEG recordings, the following 7 patterns were categorized as reported previously 7 : (1) low-voltage fast activity, (2) low-frequency high-amplitude periodic spikes, (3) sharp activity at ≤13 Hz, (4) spike and wave activity, (5) burst of high-amplitude polyspikes, (6) burst suppression, and (7) delta brush ( Figure S3 ).
| Deep versus middle-superficial seizureonset zone
We tried to assess whether the depth of the seizure-onset zone affected scalp EEG seizure-onset patterns. The depth of a seizure-onset zone was estimated on iEEG using postimplantation MRI, postexplantation MRI, or coregistered CT. Seizure-onset zone confined to a location deeper than 5 cm from the scalp (based on the averaged depth of hippocampus from the scalp) was considered a deep generator, and otherwise a superficial generator.
| Statistical analysis
We used Fisher's exact test for comparisons of categorical data. The 2-tailed test was used for all statistical analyses. Bonferroni correction was applied to each set of analyses as appropriate to adjust for multiple comparisons, maintaining the significant level at .05. All statistical analyses were performed using JMP version 11 (SAS Institute, Cary, NC, USA).
| RESULTS
A total of 61 patients were included, and 2950 seizures were assessed. The semiology of each clinical seizure was analyzed. In 8 patients who had >100 iEEG seizures arising from one side, we reviewed only the first 100 such seizures. The demographic data and details of the seizures for each patient are summarized in Table 1 and Table S1 . The process of seizure matching for a patient is illustrated in Figure 2 . For scalp-recorded seizures, 50 patients had 1, and 11 had 2 seizure types (seizure type, as defined above, is the combination of semiology and EEG topography). Therefore Table S1 ), the clinical seizures started simultaneously with 2 patterns (low-voltage fast activity in the amygdala and lowfrequency high-amplitude periodic spikes in the hippocampus). This seizure was considered as 2 separate patterns on iEEG, resulting in 2 matched types between scalp EEG and iEEG.
Therefore, 71 pairs of seizure-onset patterns were matched between scalp EEG and iEEG (because each seizure type corresponds to 1 seizure-onset pattern). Among these 71 pairs, 9 were from electrographic seizures. Ten patients had 2 pairs of matched patterns (see details of all matched seizure-onset patterns for each patient in Table S1 ).
| Scalp EEG and iEEG seizure-onset patterns
Results regarding matching are given in Table 2 . The most common patterns were rhythmic slow activity (sinusoidal activity at <13 Hz) on scalp EEG (39%) and low-voltage fast activity on iEEG (46%). Paroxysmal fast activity (sinusoidal activity at ≥13 Hz) on scalp EEG always matched a low-voltage fast activity as iEEG seizure-onset pattern, and this association was therefore highly significant (P < .001). Rhythmic slow activity on scalp EEG matched several iEEG patterns but was highly associated with lowfrequency high-amplitude periodic spikes as an iEEG pattern (P = .0014). Repetitive epileptiform discharge on scalp could be matched to all iEEG patterns except for burst suppression; however, this pattern was highly associated, on iEEG, with burst of high-amplitude polyspikes (P = .0002) and unlikely with low-voltage fast activity (P = .0004). Low-voltage fast activity on iEEG was matched with all scalp patterns. Two iEEG patterns were specific to a single scalp pattern; burst suppression on iEEG was only observed with rhythmic slow activity on scalp, and delta brush on iEEG was only observed with repetitive epileptiform discharge on scalp.
| Lesions and scalp seizure-onset patterns
We analyzed the association between the type of lesion and the scalp seizure-onset patterns (Table 3) . Lesions were classified into: (1) malformations of cortical development (MCDs) including FCD, heterotopia, polymicrogyria, and tuberous sclerosis complex; (2) medial temporal atrophy/ sclerosis; (3) neocortical atrophy; and (4) space-occupying lesion (Table 3) . We classified the 4 types of MCD into 1 category for the following reasons: the histological similarity between tuberous sclerosis complex and FCD, 25 the pathological features of FCD sometimes found in the cortex overlying nodular heterotopia, 26, 27 and the frequent association between polymicrogyria and other MCDs 28, 29 suggest that these pathologies share common features. With this classification, paroxysmal fast activity on scalp EEG was observed only in MCDs, became significantly associated with MCDs (P < .001), and was highly unlikely with medial temporal atrophy/sclerosis (P = .0014). Rhythmic slow activity on scalp EEG was positively associated with medial temporal atrophy/sclerosis (P < .001) and was highly unlikely with MCDs (P < .001) in comparison to other lesion types.
| Depth of seizure-onset zone and scalp seizure-onset pattern
To determine whether scalp seizure-onset patterns reflect the depth of the seizure-onset zone, we analyzed each pattern across 2 different depths (see Materials and Methods). Among the 71 pairs of matched patterns, 41 corresponded to superficial iEEG onsets and 30 to deep onsets (Table 4) . Paroxysmal fast activity on scalp EEG was observed only in superficial iEEG seizure onsets, and this association was therefore highly significant (P < .001). Rhythmic slow activity on scalp EEG was the most common pattern when the seizure-onset zone was deep (20/71, 28%) and was highly associated with deep generators (P < .001). This study attempted to establish a correspondence between the scalp EEG and iEEG seizure-onset patterns, in the context of multiple pathologies. To achieve this aim, we analyzed the scalp and iEEG patterns in a large series (n = 61) of patients with intractable focal epilepsy and typical seizures demonstrated to arise from MRI-visible lesion/ perilesional areas by iEEG. Because scalp and intracerebral recordings in these patients were acquired at different times, we defined a strict matching procedure and made sure that we only analyzed seizures for which there was reasonable certainty that we could define the iEEG pattern corresponding to a given scalp pattern. As a result, the different scalp patterns have an enhanced ability to infer 3 important characteristics of the seizure-onset zone; ictal scalp EEG can help predict the intracerebral seizure-onset pattern, the underlying lesion responsible for generating those seizures, and even the depth of the seizure-onset zone. This is useful information from scalp EEG, which, in the context of presurgical evaluation, is used primarily to try to localize the seizure-onset zone. We demonstrated that 3 of the scalp seizure-onset patterns reflect findings that are usually only observed with invasive investigation: 1. The presence of paroxysmal fast activity at scalp seizure onset implies a high likelihood that low-voltage fast activity is present on iEEG and that the lesion is MCDs, and on the other hand, implies a low likelihood of medial temporal atrophy/sclerosis. Also, paroxysmal fast activity indicates that the depth of seizure-onset zone is superficial.
2. The presence of rhythmic slow activity at scalp seizure onset implies a high likelihood that low-frequency highamplitude periodic spikes are present on iEEG and that the lesion is a medial temporal atrophy/sclerosis, and on the other hand, implies a low likelihood of MCDs such as heterotopia or polymicrogyria. Rhythmic slow activity also indicates a high likelihood of a deeply located generator. 3. The presence of repetitive epileptiform discharge at scalp seizure onset implies a high likelihood that a burst of highamplitude polyspikes is present on iEEG, and on the other hand, implies a low likelihood of low-voltage fast activity on iEEG. The 2 remaining scalp patterns (suppression and artifact) did not allow inferences about intracerebral neurophysiological or structural findings, possibly because they were not sufficiently frequent in our study.
| Seizure-onset patterns between scalp EEG and iEEG
The low-voltage fast activity pattern in iEEG is often considered a good marker of the epileptogenic zone, whereas slower activities are often found in propagation areas. 30, 31 Our results suggest that the paroxysmal fast activity at scalp seizure onset indicates proximity to the epileptogenic zone, because this pattern was found to be highly associated with low-voltage fast activity at iEEG seizure onset. This finding is supported by other studies demonstrating that focal fast frequency activity at scalp seizure onset indicates a good surgical outcome in patients with frontal lobe epilepsy 5, 32 and nonlesional epilepsy. 33 Rhythmic theta activity is a representative seizure-onset pattern for medial temporal lobe epilepsy compared to lateral temporal lobe epilepsy. 4, 11 Low-frequency highamplitude periodic spikes at iEEG seizure onset are significantly associated with medial temporal lobe epilepsy. 7 Our findings may result from the interaction between lesion type and anatomical location.
Repetitive epileptiform discharge at scalp seizure onset is a more specific pattern in patients with extratemporal and lateral frontal epilepsy than in those with medial temporal epilepsy. 4 Our results suggest that this scalp pattern is not associated with the common low-voltage fast activity on iEEG, but is associated with a burst of high-amplitude polyspikes on iEEG, a finding that has not been reported. We do not know whether there is a relationship between this iEEG pattern and pathology or localization, and further investigation is needed to understand this pattern better. Low-voltage fast activity and low-frequency high-amplitude periodic spikes are iEEG patterns that have recently been associated with different mechanisms of generation in an animal model of temporal lobe epilepsy. 34 If these results are confirmed, it is possible that different medical treatments may be required for patients having different patterns of iEEG seizure onset, even in apparently the same seizure disorder.
| Types of lesion and scalp seizure-onset patterns
In our study, rhythmic slow activity is by far the scalp EEG pattern most often associated with medial temporal epilepsy. This confirms previous observations from different studies. 11, 22, 23, [35] [36] [37] However, very few had compared different pathologies to assess the specificity of morphological features of scalp patterns in different types of lesion.
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Our findings support and extend the results of previous studies of scalp patterns. For instance, rhythmic slow activity is also strongly indicative that the pathology is not an MCD. Also, our finding of the association between paroxysmal fast activity at scalp seizure onset and MCDs suggests that the fast-frequency scalp seizure-onset pattern favors specific pathologies. Additionally, paroxysmal fast activity is strongly indicative that the pathology is not a 4.3 | Depth of seizure-onset zone and scalp seizure-onset patterns A common assumption is that beta-frequency activity (15-30 Hz) at scalp seizure onset implies a superficial rather than a deep epileptogenic focus and also that the seizure activity is in its very early phase of onset. 5, 24, 38, 39 Our results showed that the association between paroxysmal fast activity and a superficial seizure-onset zone was highly significant. Additionally, we found that rhythmic slow activity (at delta-alpha frequency) is indicative of a deep seizureonset zone compared with other patterns. This is also related to the results of our analysis on pathologies.
| Methodical considerations and limitations
In this study, scalp EEG and iEEG were not recorded simultaneously. Such recordings can be performed but are associated with several issues. For example, the scalp EEG electrodes may not have full coverage for the appropriate areas that were involved during scalp seizure onset, because the scalp incision and the entry point of iEEG electrodes may limit the applicable number of scalp EEG electrodes. The skull defect may also affect the scalp EEG. 19, 40 Because of the risk of infection, it is difficult to perform simultaneous scalp-intracerebral recordings over periods that would be long enough to capture many seizures in a large group of patients. We addressed this problem by considering the predominant pattern having the same semiology and a compatible topography to match pairs of seizure-onset patterns recorded on nonsimultaneous scalp and iEEG. For this reason, we emphasize that the scalp onset patterns are not direct correlates of the matching iEEG patterns; for instance, the periodic spike pattern in the hippocampus has no scalp signature until the seizure spreads at a later time to neocortical structures, when we observe the matching scalp pattern. It is noteworthy that there are no data on whether paroxysmal fast patterns at the scalp are simultaneous with fast seizure-onset patterns in the iEEG. That thirty patients (nearly one-third) of the original cohort did not have seizure onset localized in invasive EEG despite the presence of structural pathology may limit the generalizability of the findings. These patients were excluded, because the seizure-onset zone was not in the MRI-visible lesion or occurred after clinical signs.
Thus, we felt unsure about having correctly localized the seizure-onset zone in these patients and excluded them to be cautious. There is no evidence that these patients are different from the ones we studied, except that we probably did not place the electrodes in the right part of the lesion.
We included only patients with MRI-visible lesion to increase the chance that we were really in the seizure-onset zone, and this in turn would have limited the number of patients for some seizure-onset patterns. Taken together, our results are particularly applicable to patients in whom the seizures are generated in the MRI-visible lesion and for whom it was felt that iEEG was important; also, the results are obviously not applicable if there is no clear seizureonset pattern on scalp EEG. Therefore, further studies with a larger cohort including patients with non-MRI-visible lesions (nonlesional epilepsy) would be needed to validate our results. 
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